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Abstract
Many normal individuals show ocular oscillations on eccentric gaze. This study was designed to investigate the effect of visual
disengagement and visual feedback on the nature of these end point oscillations. Three test conditions were examined: target
present, target absent and when the target position was determined by the subject’s eye position via a variable feedback control
system. Feedback gains (i.e. target velocity/eye velocity) ranged from 0, where the target position was decoupled from the subject’s
eye movements (i.e. the target is stationary on the screen), to +1.0 where the retinal image was stabilised (i.e. the target is driven
by the subject’s eye movements). Only subjects who exhibited sustained end-point oscillations with no latency were included in the
study (n=6). Seven different oscillations including square-wave jerks were recorded in the abducting eye during eccentric gaze of
a stationary target. The three most common oscillations were the jerk oscillations, with decelerating, linear or pendular slow
phases. A number of additional previously unreported waveforms were also recorded. On removal of the target, the mean drift
velocity of the slow phase was greatly reduced. The response to the introduction of a change in the visual feedback was specific
to each subject, although in all cases, the end-point oscillations generally were of a lower velocity, and gaze was shifted by up to
8 deg in the direction of the slow phase within the first two seconds. The important role of slow eye movement control for
maintaining gaze holding is discussed. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Over 50% of the population, with otherwise stable
fixation, can exhibit a horizontal jerk nystgmus on
lateral gaze (Ciuffreda & Tannen, 1995; Leigh & Zee,
1999). Traditionally, end-point nystagmus has been de-
scribed as an oscillation made up of a slow drift away
from the eccentric fixation position, followed by a
saccade that brings the eyes back to the eccentric
position. These physiological end-point oscillations may
be categorised as four separate types (see Fig. 1). Types
I and II have no latency prior to the commencement of
the oscillations, whilst Types III and IV end-point
nystagmus begin after a latency. Once the eyes are
oscillating, the eye movements may be sustained (Types
I and III) or unsustained (Types II and IV). The
oscillations generally occur at gaze angles beyond 25
deg, and their amplitudes and frequencies are com-
monly no greater than 2 deg and 3 Hz (Schmidt &
Kommerell, 1976; Abel, Parker, Daroff & Dell’Osso,
1978a; Eizenman, Cheng, Sharpe, & Frecker, 1990;
Eizenman & Sharpe, 1993; Shallo-Hoffman, Schwarze,
Simonsz, & Mu¨hlendyck, 1999).
There are large inter-and intra-subject variations in
the intensity of the end-point nystagmus, and the slow
phase drift velocity has been shown to be influenced by
both the eccentricity and duration of the eccentric gaze
as well as by visual feedback. Abel et al. (1978a) and
Eizenman et al. (1990) examined the role of visual
feedback by asking their subjects to fixate, in darkness,
a remembered target position after first presenting the
subjects with the fixation target in the light. Both
groups reported that the removal of visual feed-
back brought about changes in the nature of
Type I end-point nystagmus seen in the abducting eye.
In place of the jerk nystagmus, Abel et al. (1978a)
recorded a coarse irregular pendular waveform, while
Eizenman et al. (1990) reported an increase in the
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average slow phase drift velocity over the 6 min fixation
period of their recording session.
These earlier reports were solely concerned with how
the presence or absence of a target influenced the
end-point nystagmus. Whilst such experiments confi-
rmed the view that gaze holding is under the influence
of sophisticated visual feedback control systems it is
clear that a greater understanding of the underlying
gaze holding mechanisms would be gained by examin-
ing the role played by retinal image motion experienced
during these experiments. To this end, we fed back the
subject’s eye movement signal to move an otherwise
stationary target. Our results indicate that varying vi-
sual feedback can bring about multiple modifications of
Type I end-point nystagmus and that these changes
bring about a reduction or elimination of saccades such
that eye position is maintained, in the main, by slow
eye movement control.
2. Methods
2.1. Subjects
Six subjects (age range 19–33 years) took part in the
study. All were free from ocular or neurological disease.
The six subjects were chosen because they exhibited
steady fixation on primary gaze but were prone to
oscillation on horizontal eccentric gaze. Salient features
of their ocular oscillations during eccentric gaze were,
first, that their oscillations began almost immediately
on taking up eccentric gaze (i.e. a latency less than 1 s)
and, secondly, that the oscillations were sustained dur-
ing the period of eccentric gaze holding. We define this
oscillation as a Type I end-point nystagmus (Fig. 1(a)).
Individuals who exhibited either a long latency (Types
III and IV) or an unsustained end-point nystagmus
(Type II) did not take part in this study. We restricted
this study to Type I end-point nystagmus only as we
wished to examine the role of visual feedback for
periods of up to 50 s almost immediately after the
subject had taken up the eccentric fixation position.
Informed consent was obtained according to the Decla-
ration of Helsinki.
2.2. Apparatus
The monocular horizontal eye movements of the
abducting eye were monitored using an IRIS 6500
infrared limbal tracker (Skalar Medical, Delft, The
Netherlands). Separate right gaze and left gaze sensor
heads were mounted and appropriately angled onto two
pairs of tight-fitting goggles with the fellow eye blanked
off. The analogue output was filtered through a 100 Hz
low-pass filter, digitised to 12-bit resolution and then
sampled at intervals between 5 and 1 ms (i.e. 200–1000
Hz). The appropriately angled sensor heads were linear
over the range of amplitudes used in our calibration
(2.5 deg) and had a resolution of 4 min of arc. Each
subject’s head was well restrained using chin and cheek
rests. Head movements with respect to earth were cal-
culated to be less than 6 min of arc in amplitude.
2.3. Procedures
A high-contrast monochromatic bull’s-eye target
made up of two concentric circles, one 5.5 deg and the
other 1.0 deg in diameter with a 5 deg cross symmetri-
cally superimposed, was back-projected onto a screen
210×82 cm and viewed from 114 cm giving a field of
105 deg horizontally by 41 deg vertically. Subjects were
instructed to fixate the central cross of the target. The
subject’s eye movements were calibrated by moving the
target sinusoidally at 0.32 Hz over a horizontal range of
2.5 deg around one of two eccentric gaze positions:
30 deg or 40 deg. The mean screen illuminance
was 0.7 lux.
The characteristics of the end-point nystagmus were
examined under three test conditions: target present,
target absent and with the target under servo-control.
For the ‘target absent’ test condition, the subject ini-
tially fixated the eccentric target for 2.5s, and then the
target was removed. The subject was then instructed to
maintain fixation in the direction of the remembered
target. The amount of retinal image motion experienced
Fig. 1. Schematic illustration of the four types of end-point nystag-
mus: (a) sustained with no latency; (b) unsustained with no latency;
(c) sustained with latency; (d) unsustained with latency.
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Fig. 2. Schematic illustration of the effect of eye movement feedback to the target on the retinal image motion, where the retinal image
motion=1− feedback gain.
by each subject was controlled by varying the amounts
of eye position feedback to a mirror galvanometer and
hence target position. Feedback gain is defined as target
velocity/eye velocity. When the target position was
decoupled from the subject’s end-point nystagmus, the
feedback gain was equal to 0, and the target remained
stationary on the screen (Fig. 2). Feedback gains
greater than 0 but less than +1.0 decreased the retinal
image movement. When the feedback gain was equal to
+1.0, the retinal image was stabilised. All the subjects
were instructed to keep the target clear and on the
screen. When the target was not present, subjects were
requested to fixate the remembered target position. Fast
phases were identified using a two-point central differ-
ence algorithm.
3. Results
3.1. End-point oscillations in the presence of a target
End-point oscillations were generally elicited when
subjects moved their eyes to gaze positions beyond 30
deg of eccentricity. Amplitudes ranged between 0.2 deg
and 2.5 deg. Seven different slow phases were distin-
guished (Fig. 3(a) to (g)) when subjects viewed a sta-
tionary eccentric target. Amongst the seven oscillations
we encountered were the classical decelerating (Fig. 3a)
and linear slow phases (Fig. 3(b)). In addition, we also
recorded two classes of slow phase that had pendular
components (Fig. 3 (c) and (d)) as well as waveforms
with increasing velocity slow phases (Fig. 3 (e) and (f)).
Saccadic oscillations were also recorded (Fig. 3 (g)).
The subject that exhibited these square-wave jerks did
not show any saccadic instability on primary gaze. The
most commonly encountered oscillations were those
illustrated in Fig. 3(a), (b) and (d).
Generally, after each saccade, there was a dynamic
overshoot. These microsaccadic movements, which
were recognised from their velocity profiles, can be
clearly seen in the end-point nystagmus illustrated in
Fig. 3(d). Further detail illustrating the metrics of the
dynamic overshoots is shown in Fig. 4(a)– (f). In this
case, the subject was viewing a target 40 deg to the left
of the primary position, and the eyes were seen to drift
to the right (i.e. nasally) by about 0.5 deg and then
saccade back to the left. After each leftward saccade,
there followed a microsaccade or dynamic overshoot to
the right (Fig. 4(a)– (c)). The peak velocity of the
microsaccades fell on a main sequence Fig. 4(d), as did
the nystagmus fast phases (Fig. 4(e)). The pooled main
sequence data are displayed in Fig. 4(f).
It is important to note that on the rare occasions that
the slow phases were of an increasing velocity form, the
nystagmus was both immediate and sustained for the
full 50 s of recording.
3.2. Effect of isual feedback on the slow phase
Fig. 5(a) and (b) illustrate the manner in which the
presence and absence of the target affected the end-
point oscillations for two subjects. In the case of subject
2 (Fig. 5(a)), the jerk oscillations seen on both right
(+40 deg) and left (−40 deg) gaze during fixation of
a target lose many of their fast phases when no target is
present. For subject 1, during target fixation, the end-
point oscillations were of a saccadic form at +40 deg
compared with the jerk nystagmus seen at −40 deg
(Fig. 5(b)). On other occasions, subject 1 could show a
sustained jerk nystagmus. Fig. 5(b) illustrates the man-
ner in which the square-wave jerk oscillations changed
to a low (0.5 deg) amplitude slow-eye movement oscil-
lation, while the 0.5 deg, 4 Hz end-point jerk nystagmus
became a 1 deg, 1 Hz oscillation when no target was
present. Fig. 6 shows how the mean slow phase velocity
is affected by the presence of the target for subject 1
when eccentrically fixating at −40 deg. For all the
subjects, when the target was present, the initial slow
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Fig. 3. Typical end-point oscillations recorded when subjects directed their eyes into eccentric gaze positions: (a) decelerating slow phase; (b) linear
slow phase; (c) and (d) slow phases with pendular components; (e) slow phase with microsaccade; (f) slow phase with an increasing velocity; (g)
square-wave jerks. The most common oscillations were (a), (c) and (d). 0 deg corresponds to the desired eccentric gaze position. Time periods of
the traces shown ranged from 2 to 15 s.
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Fig. 4. Subject with end-point oscillations during 40 deg left gaze also showing rightward microsaccades after the leftward primary saccades: (a) eye position; (b) eye velocity; (c) eye acceleration;
(d) relationship between the peak velocity of the microsaccade and the magnitude of the microsaccade; (e) peak velocity of the leftward primary saccades and the peak velocity of the primary
saccades. Pooled data for both the microsaccades and the fast phases are shown in (f). Linear functions were fitted to the microsaccade and fast phase data ((d) and (e)).
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Fig. 5. Effect of target presence on end-point oscillations for two subjects during 40 deg right gaze (+40 deg) and 40 deg left gaze (−40 deg). See text for details.
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Fig. 6. Mean slow phase eye velocity as a function of slow phase
number when subject 1 either viewed a target at −40 deg () or
attempted fixation to the remembered position of the target (i.e. no
target ()). Each data point represents the mean slow phase velocity
for each successive slow phase of the nystagmus.
as in the new gaze position. A gaze shift was also
recorded for subject 5 (Fig. 7(b)), but unlike the previ-
ous case, the right-beating nystagmus displayed during
the +0.50 feedback gain condition was similar in
intensity to that seen prior to the introduction of the
visual feedback. These gaze shifts were in the direction
of the slow phase and are likely to reflect the target
position being driven by the slow phase. Once again, a
sustained beat direction change is evident. Finally, a
change in eye position could also be achieved via a
series of slow eye movements (Fig. 7(c)).
The shift in eye position seen whenever feedback was
introduced was investigated further by examining the
manner in which the level of the feedback gain influ-
enced the change in eye position. In Fig. 8(a), the
subject shows a gaze shift of approximately 2 deg for a
feedback gain of +0.5 and in Fig. 8(b) a 7 deg gaze
shift for a feedback gain of +1.0. This general rela-
tionship between the level of the feedback gain and the
subsequent gaze shift held for all subjects.
4. Discussion
4.1. Oscillations on eccentric gaze with and without a
fixation target
This study set out to explore the effect of visual
feedback on the nature of end-point nystagmus. We
have found that over a period of 50 s continuous
recording, the mean velocity of the slow phase is differ-
ent during the fixation of a target compared with the
attempted fixation of a remembered target. This is in
agreement with previous studies on end-point nystag-
mus (Becker & Klein, 1973; Abel et al., 1978a; Eizen-
man et al., 1990). However, unlike Eizenman and his
colleagues, we found that the majority of our subjects
showed a reduction in the slow phase velocity rather
than an increase when asked to hold their gaze to
phase velocity was higher than that of the steady-state
mean slow phase velocity (Fig. 6).
Saccadic dropout is a typical, though not a consis-
tent, response to visual disengagement (Table 1).
Whenever the number of fast phases decreased, there
was also a reduction in the slow phase velocity. In spite
of these changes, the desired gaze angle was largely
maintained. That is, slow eye movement control is used
to sustain desired gaze angle, and an end-point oscilla-
tion is not simply characterised by slow phases and
corrective fast phases.
The response to the introduction of a change in
visual feedback appeared to be specific to each subject,
and Fig. 7 illustrates the three variations that we found.
In Fig. 7(a), subject 4, who had a pendular component
to the slow phase, produced a 6 deg gaze shift over a
period of 2 s. Thereafter, the eyes remained relatively
steady. Note that the previously left-beating nystagmus
becomes right-beating during the change in gaze as well
Table 1
Mean slow phase velocities and mean saccadic intervals for the six subjects over a period of 50 s while maintaining an eccentric gaze position
With target Without target
Mean slow phase velocity Mean intersaccadicSubject Gaze angle (deg) Mean intersaccadicMean slow phase
velocity (deg/s) interval (ms)interval (ms) (deg/s)
4.142.14 19.864.0 1.260.75 1301759S1 −40
10238.0 −10.68.00+40 −30.0015.50 256167
9737642.002.103311551.602.20S2 −40
−1.400.60 1172556+40 −1.700.80 698413
45688 2.000.80S3 −40 1.000.50 599270
−0.200.3022545 521228−1.701.10+40
0.200.80 1529912S4 −40 7.706.50 248155
4263171.501.302981270.301.10S5 −30
369171 −1.603.00+30 451273−2.302.40
1530942 0.601.40S6 −30 163513630.201.80
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Fig. 7. Effect of visual feedback on the end-point oscillations. Feedback was varied from 0 (closed loop) to +1.0 (open loop-retinal image
stabilisation). Three different responses are shown after the introduction of visual feedback. (a) 6 deg gaze shift with a change in beat direction
during the gaze change. Once the new gaze position is reached the eyes remain steady. (b) 10 deg gaze shift together with a change in beat
direction. On this occasion, the end-point nystagmus continues. (c) Gaze shifts produced via slow eye movements. The subject is fixing at −40
deg in (a) and (b) and +40 deg in (c).
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Fig. 8. Effect of the level of the feedback gain (fbg) on the change in the eye position after the introduction of visual feedback. (a) +0.5 fbg (b)
+1.0 fbg. The subject is fixing at −40 deg in both (a) and (b).
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remembered position of an eccentric target. Further-
more, we have also recorded many other additional
end-point waveforms, such as slow phases with strong
pendular components and square-wave jerks. We also
found that generally after each nasal slow drift of the
abducting eye, there followed a temporalwards saccade
coupled with a dynamic overshoot. Although dynamic
overshoots regularly occur after saccades, and have
been previously found after both voluntary and invol-
untary saccades (Robinson, 1964; Dell’Osso & Daroff,
1975; Bahill, Clark, & Stark, 1975; Abel et al., 1978a;
Kapoula, Robinson, & Hain, 1986; Collewijn, Erkelens,
& Steinman, 1988; Abadi, Scallan, & Clement, 2000),
this is the first study to quantify the properties of
dynamic overshoots seen in end-point nystagmus. Re-
cently Abadi et al. (2000) proposed that dynamic over-
shoots occur because of an active mechanism involving
the reversal of the firing level of the burst cells and also
showed that it was possible to simulate its occurrence,
after any type of saccade.
To date, the only quantitative report on the effect of
the presence of a fixation target on end-point nystag-
mus drift velocity was by Eizenman et al. (1990). In
their study, only two of the five subjects exhibited an
immediate and sustained nystagmus upon taking up an
eccentric gaze position. Moreover during the first 60 s,
the absence of a target did not make any difference to
the mean slow phase eye velocity for one of these
subjects but increased the slow ocular drift for the other
subject. In our present study, the majority of our
subjects exhibited lower mean slow phase drift veloc-
ities for the remembered position of an eccentric target
compared with when the target was present. More
importantly, all six showed markedly longer mean in-
tersaccadic intervals (Table 1). A number of reasons for
the differences in the results from the two studies are
proposed. Firstly, there are clearly large inter and intra-
subject differences in the initial slow phase eye veloc-
ities seen at the start of the experiments. Secondly,
whereas in the Eizenman study, the target was a fea-
tureless and uniform 2 deg green dot on an oscillo-
scope, we used a small high-contrast discrete bull’s-eye
target, which may have encouraged fixation to a greater
extent. Thirdly, our experiments were conducted under
mesopic, rather than scotopic, test conditions. Finally,
and probably most importantly, during our experi-
ments, whenever the target was present, subjects were
continuously encouraged to fixate the target. This in-
struction was the impetus to drive the oculomotor
system to generate centrifugal saccades back to the
desired eye position. That is, the fast eye movements
re-set the unwanted centripetal slow eye movement
drift. However, once the target was removed (even
though the subject was again continuously encouraged
to fixate the remembered target position), the subjects’
oculomotor behaviour was modified such that desired
gaze was often maintained to a large degree by the slow
eye movement control system. This is in agreement with
the conclusions reached by Eizenman et al. (1990).
These two alternative gaze-holding strategies pre-
sumably reflect the difference between the command to
fixate a seen target and the request to hold a gaze
position (albeit a remembered one) when there is no
target present.
Removing visual feedback by asking the subject to
gaze in the direction of the remembered target position
brought about a reduction in the number of saccades
(Table 1). This capacity to maintain eye position with
smooth eye movements has been referred to as slow
control (Steinman, Cunitz, Timberlake, and Herman,
1967; Winterson & Collewijn, 1976; Schor & Hallmark,
1978, Ciuffreda, Kenyon, & Stark, 1979; Kowler &
Martins, 1982; Kowler, 1991) and is clearly an efficient
strategy in the context of the task in our experiment.
4.2. Retinal image moement and eccentric gaze
By manipulating the feedback gain, we were able to
extend our exploration of how retinal image movement
influences eye position control during eccentric gaze.
Although varying the retinal image movement repre-
sented a novel situation for the oculomotor control
system, our results were repeatable. Generally, the
larger the feedback gain, the greater was the reduction
of the number of centrifugal saccades and the lower the
mean slow phase velocity of the end-point nystagmus.
On some occasions, the effects of the lower feedback
gain values (+0.5) were less clear-cut.
As we increased the feedback gain value close to
+1.0, the test conditions approached the absolute case
where there is little or no retinal slip velocity for the
oculomotor control system to act upon. (Abadi, Whit-
tle, & Worfolk, 1999). With a +1.0 feedback gain, the
subject is theoretically experiencing the equivalent reti-
nal slip velocity as in the ‘no target’ test condition.
However, the two test conditions are none the less
clearly different. The +1.0 feedback gain state may
create close to zero retinal image slip velocity, but the
target is still visible to the subject. This, in itself, may
stimulate an attentional/fixation mechanism that trig-
gers the fast phases to kick in again. In other words, in
the +1.0 feedback state, it is likely that two opposing
mechanisms are at work: the reduction in retinal slip
velocity causes fast phases to drop out as in the ‘no
target’ condition, whilst the presence of the target itself
(unlike the ‘no-target’ condition) stimulates increased
fast phase frequency. These two mechanisms most
probably wax and wane relative to one another, thus
accounting for the range and variety of responses that
we have observed.
Changes in oculomotor behaviour in response to a
change in visual feedback have also been examined
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recently in manifest latent nystagmus (Abadi & Scallan,
2000). Manifest latent nystagmus is a benign bilateral
conjugate infantile nystagmus that generally has a
waveform shape similar to that of an end-point oscilla-
tion. In common with end-point nystagmus, visual dis-
engagement (e.g. removal of the target) or
manipulations of the retinal image movement brought
about a reduction in the mean slow phase velocity and
the number of fast phases. However, such modifications
are not limited to waveforms that have a decelerating
slow phase since individuals with congenital nystagmus
who invariably exhibit increasing velocity slow phases
also show strong visually driven characteristics that are
similarly affected by the attentional state of the subject
(Abadi & Dickinson, 1986, Abadi & Scallan, 1999;
Dell’Osso & Daroff, 1999).
It is interesting to note that the quick phases seen in
congenital nystagmus are not, unlike visually guided
saccades, produced in response to a retinal image dis-
placement signal and are likely to be initiated on a
predictive basis or in response to efference copy infor-
mation (Worfolk & Abadi, 1991). This may well be the
case for the fast phases of end-point nystagmus.
4.3. Gaze-holding and the role of the neural integrator
It is well established that the oculomotor neural
integrator plays a primary role during gaze-holding, the
eye position signal being created from the velocity
command by integration with respect to time in the
mathematical sense (Robinson, 1968; Cohen & Kamat-
suzaka, 1972; Robinson, 1975; Abel, Parker, Dell’Osso
& Daroff, 1978b; Dell’Osso, 1990). Experimental stud-
ies have demonstrated that the time constant of the
horizontal neural integrator is made up of a brainstem
neural integrator with a short time constant (1.5 s)
and a cerebellar neural integrator that augments the
brainstem integrator time constant to its normal value
of 25 s. Efficient holding of an eccentric eye position
therefore requires a perfect neural integrator (Abel et
al., 1978b; Eizenman et al., 1990). Many studies have
demonstrated that a variety of pathologies such as gaze
palsies or cerebellar disease, as well as the side-effects of
sedatives, can modify the time constant of the integra-
tor and bring about a gaze-evoked nystagmus (Leigh &
Zee, 1999). One measure of the time constant of the
neural integrator can be made by examining the cen-
tripetal drift of the eyes away from the desired gaze
position. Thus, the time constant (tc) can be defined in
terms of the current eye position (E), the null position
toward which the eye is moving (Enull) and the current
velocity of the ocular drift, E , such that tc=E−Enull/E .
The time taken for the eyes to drift to 63% of the way
back to the midline defines an interval equal to one
time constant. In this study, the tc was found to be in
the range of 12–20 s for the no target test condition.
This is in general agreement with previous studies
(Becker & Klein, 1973; Eizenman et al., 1990). Varia-
tions in the value of the time constant most likely
reflect the confounding recruitment of slow eye-move-
ment control mechanisms and the non-linearity of the
plant on eccentric gaze.
4.4. Eccentric gaze control
In summary, physiological Type I end-point oscilla-
tions can occur with or without the presence of a target,
and the oscillations are affected by visual feedback. It
may also be likely that the strategy used by the subject
influences the nature of the oscillations. Slow eye-move-
ment control, which can often maintain eye position
during eccentric gaze, may be under a variable gain
control mechanism. It remains to be seen if the other
end-point oscillation types exhibit similar behaviour
and to what extent the plant dynamics determines the
time constant. Studies exploring the oscillation latency
and the effects of fixation duration should prove useful.
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